Centromere protein CENP-E is a dimeric kinesin (Kinesin-7 family) with critical roles in mitosis, including establishment of microtubule (MT)-chromosome linkage and movement of mono-oriented chromosomes on kinetochore microtubules for proper alignment at metaphase [1] [2] [3] [4] [5] [6] [7] [8] [9] . We performed studies to test the hypothesis that CENP-E promotes MT elongation at the MT plus ends. A human CENP-E construct was engineered, expressed, and purified, and it yielded the CENP-E-6His dimeric motor protein. The results show that CENP-E promotes MT plus-end-directed MT gliding at 11 nm/s. The results from real-time microscopy assays indicate that 60.3% of polarity-marked MTs exhibited CENP-E-promoted MT plus-end elongation. The MT extension required ATP turnover, and MT plus-end elongation occurred at 1.48 mm/30 min. Immunolocalization studies revealed that 80.8% of plus-end-elongated MTs showed CENP-E at the MT plus end. The time dependence of CENP-E-promoted MT elongation in solution best fit a single exponential function (k obs = 5.1 s 21 ), which is indicative of a mechanism in which a,b-tubulin subunit addition is tightly coupled to ATP turnover. Based on these results, we propose that CENP-E, as part of its function in chromosome kinetochore-MT linkage, plays a direct role in MT elongation.
Mitotic kinesin CENP-E is a kinetochore-associated protein that has been extensively studied for its role in chromosome congression [1-3, 5, 7, 10, 11] . CENP-E expression is upregulated during G2 and M phases of the cell cycle, and it is localized to the kinetochore from early prometaphase through anaphase A [1, 12, 13] . Studies have also demonstrated that cells and mice with reduced levels of CENP-E develop aneuploidy and chromosomal instability [6, 14, 15] .
CENP-E is well conserved throughout the animal kingdom [1, 2, [16] [17] [18] . This motor protein is dimeric, with each head containing an ATP and a microtubule (MT) binding site. The motor heads are dimerized through an extended a-helical coiled-coil stalk followed by C-terminal globular domains involved in kinetochore binding. Recent studies [17, 19] have shown CENP-E to be a processive motor like conventional Kinesin-1 [20, 21] and Kinesin-5 Eg5 [22] . Although CENP-E's motor function can be easily incorporated into its transport role to bring mono-oriented chromosomes to the equator for biorientation, its MT plus-end-directed force is more difficult to understand in the context of the kinetochore-MT linkage during chromosome congression and metaphase, where CENP-E would be localized at the MT plus end. The results presented here test the hypothesis that CENP-E plays a direct role in promoting MT elongation.
CENP-E-6His Is a Dimeric Motor Protein
For our studies, the CENP-E construct was engineered with a 6His tag, expressed, purified, and tested for oligomeric state and activity (see Figure S1 available online). The expressed protein (CENP-E-6His) includes Met 1 -Leu 407 residues and 22 additional residues at the carboxy terminus from the pET30c(+) plasmid, including the hexahistidine tag (predicted M r = 48,467). Sedimentation equilibrium centrifugation and analytical gel filtration indicate that CENP-E-6His is a stable dimer ( Figure S1 ). A CENP-E motor domain (CENP-E-MD) construct was also engineered. It encodes Met 1 -Glu 342 and, when expressed, is monomeric ( Figure S1 ). The Coomassie-stained SDS-PAGE gel ( Figure S2 ) shows the purity and relative migration of CENP-E-6His and CENP-E-MD relative to dimeric human Eg5-513-5His and dimeric Drosophila melanogaster conventional Kinesin-1 K401 [23] , which were used in the experiments as comparative MT plus-end-directed processive kinesins.
CENP-E-6His Is a Slow MT Plus-End-Directed Motor
In motility assays, CENP-E was examined to determine whether the motor promotes MT gliding in vitro (Movie S1). The MT,CENP-E complexes were preformed in the presence of AMPPNP and perfused into a microscope coverslip chamber that was coated with anti-His antibodies. MT gliding was initiated by ATP ( Figure S3 ). MT plus-end-directed movement was recorded with a velocity of 11 6 0.005 nm/s. The range of rates reported in the literature varies from 8 to 342 nm/s [17] [18] [19] . We interpret this large range of velocity to be due in part to the surface chemistry conditions of the assay, the buffer, and the specific expressed construct used by each research group. Expressed motors with additional positively charged motifs in the CENP-E C-terminal domain can enhance electrostatic interactions between CENP-E and the a,b-tubulin C-terminal tail domains of MTs and alter motility properties [24] .
We also examined the ATPase properties of CENP-E-6His as a function of ATP and MT concentration ( Figure S3 ). The CENP-E-6His steady-state parameters were k cat = 0.88 6 0.02 s 21 , K 1/2,MT = 1.5 6 0.2 mM, and K m,ATP = 18.3 6 2.5 mM.
CENP-E-6His Promotes MT Plus-End Elongation A real-time microscopy assay was developed to test the hypothesis that dimeric CENP-E promotes MT elongation ( Figure 1A ). For these experiments, the polarity-marked fluorescein MTs (green) were assembled using GMPCPP. The MT,CENP-E complexes were then preformed in the presence of AMPPNP, which traps the CENP-E motors onto the MT lattice with MT binding through their motor domains. These complexes were perfused into the coverslip chamber that was coated with anti-His antibodies, resulting in MT attachment through the CENP-E C-terminal His-tag, followed by a blocking buffer wash with AMPPNP. MT elongation was initiated by the addition of 1 mM soluble rhodamine-labeled tubulin, ATP, and 1.5 mM paclitaxel. Although some CENP-E motors are attached to the coverslip, most will have their C-terminal domain unattached. These motors are not tethered and are free to step to the MT plus end at the same time as the MT glides, with its minus end leading, because of CENP-E motors attached to the coverslip. The concentration of rhodamine-labeled tubulin was kept below the critical concentration to prevent assembly of rhodamine MTs during the assay. The 1.5 mM paclitaxel was required to prevent destabilization (I) Solution assay of MT elongation. The MT,CENP-E complex was preformed, and the reactions were initiated with the addition of soluble bovine tubulin + ATP and terminated via high-speed centrifugation, followed by analysis by SDS-PAGE. Final concentrations: 500 nM paclitaxel-stabilized MTs, 1 mM paclitaxel, 50 nM CENP-E-6His, 1 mM soluble bovine tubulin with 1 mM MgGTP, and 500 mM MgATP. The concentration of tubulin in the MT pellet was quantified using a standard curve and plotted as a function of time. The data were fit to Equation S1 (Supplemental Experimental Procedures), which provided k obs = 5.1 6 0.5 s 21 ; A = 0.92 6 0.04 mM, which represents the concentration of soluble tubulin converted to MT polymer during the assay; and C, the y intercept (C = 0.41 6 0.04 mM) that corresponds to the concentration of MT polymer at time 0. The inset shows the experiment at the same conditions but in the absence of CENP-E. The data were best fit by a linear function that provided k obs = 0.005 6 0.0006 s 21 . The y intercept at 0.48 6 0.02 mM represents the MT polymer at time 0.
of the elongated segment of the MT, yet it was sufficiently low to prevent polymerization of the soluble rhodamine tubulin. MT elongation was evident by red tips on the green MTs ( Figures 1B-1F ). Only polarity-marked MTs were scored for the results presented in Table 1 . The data show that out of 383 MTs, 231 MTs (60.3%) exhibited CENP-E-promoted MT plus-end elongation in the presence of ATP. In contrast, only 18%-22% showed Eg5-513-5His or kinesin K401-promoted MT plus-end elongation. The no-motor control revealed that few MTs showed evidence of MT extension (Table 1) .
Additional experiments were performed to evaluate whether the CENP-E-promoted MT elongation required dimeric CENP-E or whether single motor domains were sufficient. Monomeric CENP-E-MD promoted plus-end-directed MT extension on 25.3% of the MTs. These results show that dimeric CENP-E6His is significantly more effective than monomeric CENP-E-MD in promoting plus-end MT elongation. The data for dimeric Eg5-513-5His (22.6%) and kinesin K401 (18.1%) also suggest that the functional ability of dimeric CENP-E-6His to promote MT elongation is specific to CENP-E and not common to dimeric MT plus-end-directed kinesins in general.
Another interesting observation revealed by the data in Table 1 is that Eg5-513-5His (45.3%), kinesin K401 (46.1%), and monomeric CENP-E-MD (60.8%) promoted MT extension at both the MT plus and minus ends, and the length of extension was approximately equal. These results were surprising, and at this time we do not understand the basis of these MT dynamics. However, note that very few MTs showed MT minus-end-specific elongation (8%-15.6%).
There was a significant effect of motor type on rates of MT elongation. The mean rate of MT elongation promoted by dimeric CENP-E-6His in the presence of ATP at 1.48 mm/30 min is significantly different from the rates of MT elongation promoted by dimeric Eg5-513-5His, dimeric kinesin K401, or monomeric CENP-E-MD at 0.83-0.99 mm/30 min. These results provide further evidence that dimeric CENP-E has a direct role in MT elongation.
CENP-E-6His-Promoted MT Elongation Requires ATP Turnover
Because Drosophila melanogaster Nod (a nonmotile meiotic kinesin) promotes MT elongation in the presence of the nonhydrolyzable ATP analog AMPPNP [25] , we evaluated the nucleotide requirement for CENP-E-6His-promoted MT plus-end extension. Our results show that in the presence of AMPPNP or absence of ATP, only 17.7%-22.6% of the MTs showed CENP-E-promoted MT elongation (Table 1 ). In addition, the rate of MT elongation decreased from 1.48 mm/30 min in the presence of ATP to 0.78-0.85 mm/30 min in its absence, indicative that ATP turnover by CENP-E is required for MT elongation. This lower rate is similar to the rates for Eg5-513-5His and kinesin K401, providing additional evidence that the MT plusend elongation activity is specific to CENP-E rather to than MT plus-end kinesins in general.
Another test of the hypothesis that CENP-E directly promotes MT elongation is to repeat the microscopy experiments, but in solution at the same experimental conditions. Figure 1I shows that, as a function of time, the concentration of tubulin that partitioned to the MT pellet increased to 1.33 mM, which reveals that >90% of the 1 mM soluble tubulin was converted to MT polymer. These data were best fit by a single exponential function (Equation S1, Supplemental Experimental Procedures), which is consistent with the interpretation that tubulin subunit addition is tightly coupled to ATP turnover by CENP-E. In contrast, in the absence of CENP-E-6His, little soluble tubulin was converted to MT polymer, and the data were best fit to a linear function, which is consistent with steady-state MT dynamics at tubulin concentrations below the critical concentration.
In the analysis of the data, we compared the CENP-E-6His-promoted rates of MT gliding, steady-state ATP turnover, and MT elongation based on the microscopy and solution experiments to develop models for the ATP-dependent CENP-E-promoted MT elongation (see Supplemental Data for analysis). CENP-E-6His-promoted MT elongation at 1.48 mm/ 30 min (Table 1) k cat = 0.88 s 21 or w0.88 ATP turnover per step. When we calculate the number of tubulin subunits added to the MT ends during the solution experiment (Figure 1I ), the calculations reveal that 1870 a,b-tubulin subunits were added per protofilament in 30 min or 1.03 subunits/s (Supplemental Data). Therefore, the results from these different experimental approaches are fairly consistent with each ATP-promoted CENP-E event at w1 s
21
.
CENP-E-6His Localizes to the Plus End of Elongated MTs
To determine whether CENP-E is bound to the elongating plus ends of MTs, we localized CENP-E-6His on fluorescein-MTs using polyclonal antibodies to the CENP-E motor domain (Figure 2 ). For these experiments, the fluorescein-MT seeds were assembled using GMPCPP. The fluorescein MT,CENP-E complexes were incubated with 1 mM soluble tubulin (1:4 ratio of unlabeled bovine tubulin + fluorescein-labeled tubulin), GTP, and ATP at 25 C in the absence of paclitaxel. At 30 min, the reaction was terminated by glutaraldehyde fixation, followed by centrifugation through a glycerol cushion onto coverslips, and then processed for immunofluorescence. MT elongation was evident by pale green extension of the bright green MT seeds. The summary of CENP-E localization events on the elongated MTs indicates that, out of the 364 MTs, 294 MTs (80.8%) exhibited CENP-E localization at the MT plus end in the presence of ATP, suggesting a functional role for CENP-E in MT plus-end elongation. The mean rate of MT elongation promoted by dimeric CENP-E-6His in the presence of ATP from this experiment was 1.57 mm/30 min, which is comparable to the rate of MT elongation obtained from the microscopy experiments (Table 1 ) at 1.48 mm/30 min. These solution experiments were performed in the absence of paclitaxel and therefore provide additional support for the interpretation that CENP-E plays a direct role in MT plus-end elongation. Note that the results for the nonhydrolyzable ATP analogs AMPPNP and ATPgS are consistent with the microscopy results in Table 1 .
CENP-E-6His Does Not Form a Complex with a,b-Tubulin
Experiments were pursued to detect interactions between CENP-E-6His and soluble tubulin. First, analytical gel filtration showed no evidence of stable CENP-E,a,b-tubulin complex formation (data not shown). Second, CENP-E steady-state ATPase experiments were performed to determine whether soluble tubulin activates steady-state turnover. This approach is a highly sensitive method to detect transient interactions with a,b-tubulin. Figure S3D shows that soluble tubulin concentrations from 0.25 to 3 mM fail to activate steady-state ATP turnover by CENP-E-6His.
Model for CENP-E-Promoted MT Extension
CENP-E is recruited to the kinetochore by BubR1 and captures MTs [4, 26, 27] . The model in Figure 3 proposes that dimeric CENP-E, as part of its MT-kinetochore function, steps to the MT plus end, where it stabilizes a straight-end conformation that favors a,b-tubulin subunit addition rather than the curled conformation that results in catastrophe [28] . The model predicts that multiple CENP-E motors are required for MT elongation. Because CENP-E-promoted MT elongation requires ATP turnover and because the rate of MT elongation is consistent with the rates of MT gliding and steady-state ATP turnover, we propose that CENP-E continues to step along the MT as tubulin subunits are added and therefore continues to stabilize the MT straight-end conformation. The experiments presented here cannot distinguish whether CENP-E-promoted MT elongation is controlled by CENP-E preventing catastrophe or whether CENP-E also enhances the MT polymerization kinetics. This distinction in the mechanism for CENP-E-promoted MT elongation will be the subject of future experiments. Furthermore, in the cell, the regulation of MT dynamics at the MT plus end is much more complex because of its linkage with the kinetochore involving a number of proteins in addition to CENP-E, including the Ndc80 complex, EB1, CLIP170, XMAP215, CLASP, and the molecular motors dynein, Kinesin-8, and Kinesin-13 [8, 29, 30] . However, this study has revealed the intrinsic ability of CENP-E to promote MT elongation in a very simple in vitro assay, therefore revealing the remarkable ability of molecular motors to couple ATP turnover to a variety of critical functions, including directional movement and regulation of MT dynamics.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures, three figures, and one movie and can be found with this article online at doi:10.1016/j.cub.2010.08.001. (B) A model representing the in vitro CENP-E-promoted MT elongation assay in which CENP-E steps to the MT plus end, where tubulin subunits are added to elongate the MT. This model predicts that each tubulin subunit addition at the MT plus end requires one ATP turnover by CENP-E and that CENP-E continues to step to the MT plus end with MT elongation. We assume that there are multiple CENP-E motors at the MT plus end and propose that CENP-E stabilizes the straight-end conformation that favors tubulin subunit addition.
